Citrus is grown in semi-arid regions or subtropical regions in large parts of the world, where rainfall is seasonal and irrigation a necessity. Water is a vitally important element in all ecosystems and as agriculture is the largest user of fresh water resources, it needs to be efficient in the use of water. This is particularly true for the citrus industry, as it has a significant irrigation requirement. Good irrigation scheduling practices rely on accurate estimates of plant water-use (transpiration) for different climatic regions, citrus varieties, tree and canopy size, and choice of rootstock. This usually requires the use of a model, where a thorough understanding of the regulation of transpiration will improve the estimation capabilities of such a model. Results from our study (Quantifying citrus water use and water stress at tree and orchard scale, Water Research Commission Project K5/2275//4) showed that transpiration (T) follows diurnal and seasonal trends and is influenced by stomatal conductance (g s ) and leaf water potentials (Ѱl). Good correlations between T and temperature, vapour pressure deficit (VPD) and solar radiation (SR) were found, indicating the importance of the environment in supplying the energy to drive transpiration. There was also a good relationship between canopy size and T, with larger canopies having higher T.
Introduction
Citrus is an ancient crop, with the oldest known reference to be found in Sanskrit literature (pre-800 BC), where citron and lemon are referred to as jambhila in the book, White Yahir-venda. Twenty seven varieties of mandarins are described in Chü lu (1179 AD), one of the oldest known monographs of citrus [1] . Citrus trees are perennial evergreen plants that were probably cultivated in south-east Asia for the first time [2] , from where it was introduced into North Africa and Spain. Sweet oranges were brought to Europe by Portuguese seafarers and then spread via sea mariners and settlers to the rest of the world [1] .
Citrus do not grow well in humid tropical rainforests and most likely evolved in low latitude forests, as a substory species in drier monsoon regions and became widely adapted to semi-arid regions [2] . Remnants of these earlier attributes that are still evident in some of the varieties are [3] :
i. Vegetative growth can readily assume dominance over reproductive development.
ii. Excessive foliar development, which can be up to 25% of the fresh tree mass.
iii. High stomatal density and low hydraulic conductivity as a result of a shallow suberized root system with only vestigial root hairs. This often results in potential transpirational losses exceeding the water uptake capacity of the root system.
Citrus orchards require irrigation, in most parts of the world, to avert lower yields and lower return on investments. With agriculture being the largest user of fresh water resources, climate change and competition for this already scarce resource from a number of end-users, emphasise the need to improve water use productivity and water use efficiencies [4] in citrus production. Reliable estimates of citrus water use are, therefore, essential to provide effective advice to both established and emerging commercial farmers on irrigation methods and scheduling.
Several reports on citrus water use exist. A prominent feature of these reports is the broad range of water use rates given, even scientific literature is full of contradicting values for water use of citrus trees. This large variation in reported values is not completely unexpected, due to the different measurement techniques used under a wide range of conditions, which includes [5] [6] [7] [8] [9] [10] [11] : different orchard characteristics and management practices, tree and canopy size, cultivars, rootstocks, climatic conditions under which the trees are grown, irrigation methods and available soil water content. At orchard level, water use is influenced by the change in citrus orchard management practices, such as the introduction of high density plantings, different pruning techniques and various micro-irrigation systems.
Citrus rootstocks and root development
Citrus has a well-defined taproot, however, its identity is often lost during the process of replanting or poor nursery practices [12] . The taproot is supplemented by lateral roots that branch and re-branch irregularly to form a dense mat in the soil surface layers. For mature citrus trees the greatest mass of fibrous roots occurs in the top 0.4 m of the soil profile, with structural roots extending to at least 1.5 m [3] . The extent of the root system is, however, dependent on soil physical properties, cultivar and rootstock [2] . Carrizo citrange and Swingle citrumelo are examples of rootstocks with few fibrous roots below 0.7 m and less lateral development [13] that are well suited for high-density, intensively managed plantings [14] . Root distribution, measured as fibrous root length density (FRLD), was determined for 'Hamlin' orange trees grown on Swingle citrumelo and on Carrizo citrange [15] . Results showed that Swingle citrumelo developed significantly higher FRLD in the top 0.15 m of the soil profile than trees on Carrizo citrange. Conversely, at a soil depth between 0.15 m and 0.75 Carrizo citrange had a greater FRLD than trees on Swingle citrange [15] . FRLD distribution increase in two modes.
Firstly a dense root mat developed just below the soil surface with few roots deeper than 0.5 m Citrus -Health Benefits and Production Technologyat a distance of 1.5 m from the tree trunk. When these roots are well established, a second region of roots develop below 0.3 m from the soil surface (trees aged between 5 and 10 years). By the time the canopy reaches full hedgerow dimensions (trees aged between 10 and 15 years), the bimodality of the root system has fully developed [15] .
One of the numerous factors influencing citrus water use include rootstocks that differ in root quantity distribution and/or efficiencies in water uptake and transport. Xylem vessel size is related to root hydraulic conductance, which affects water uptake and transport, which in turn influences the leaf transpiration rate [16] . Results from a study on the hydraulic conductivity of four rootstocks [17] showed that rough lemon and Carrizo citrange had the highest, whereas sour orange and Cleopatra mandarin had the lowest root conductivity and thus the lowest uptake and transport of water in the tree. During the last 30 years a major shift in rootstock and cultivars with better disease, drought and salinity resistance and dwarfing capabilities has taken place. For example in South Africa, 56% of the citrus trees were grafted on rough lemon and only 10% on Troyer and Carrizo citrange in 1986. In 2004 the use of rough lemon decreased to 12% and Troyer and Carrizo citrange increased to 45% [18] . This has implications for the water use of orchards, with less vigorous rootstocks having lower hydraulic conductances.
Water potentials, stomatal conductance and climate
Stomatal conductance (g s ) regulates transpiration and photosynthesis and therefore impacts directly on water use and is sensitive to environmental factors such as light, CO 2 , plant water status, vapour pressure deficit (VPD) and temperature [3] . Leaf age, canopy size and tree age were found to influence stomatal conductances. New leaves on 15 year-old citrus trees have a greater stomatal conductance than old leaves. However, this was not true for smaller trees, where the stomatal conductance for the old and new leaves was similar due to the smaller trees having rough, well ventilated canopies, with a more exposed position that tightly couples them to the atmosphere [19] . Stomata in citrus leaves require only low light levels to open fully [19] . Even shaded leaves transpire, with their transpiration (T) rates being lower than sunlit leaves due to lower temperatures and thus a lower saturated water vapour pressure [20] . Stomatal conductances were observed to decline rapidly when midday leaf water potentials (Ѱl) went below −1.0 MPa for 30 month old Pera orange trees [21] , while the closure of stomata occurred at a midday Ѱl lower than −2.2 MPa for Washington Navels [22] . Syvertsen [23] found that stomatal closure occurs over a relative narrow range of Ѱl's within each age class of leaves, with stomatal closure occurring at −1.6 MPa for young leaves and for mature leaves (3-6 months old) at −3.6 MPa. Sinclair and Allen [24] also noted stable maximum rates of T regardless of environmental conditions, suggesting strong stomatal control over T.
Materials and methods

Description of orchards
Citrus orchards near Citrusdal (32°27′15.82″S, 18°58′44.84″E) in the Western Cape Province (winter rainfall region) of South Africa and close to Letsitele (23°48′21.48″S, 30°28′6.62″E) in the Limpopo Province (summer rainfall) of South Africa were used for measurements of T and water relations. The orchards in Citrusdal were drip irrigated, with two drip lines per tree row using pressure compensating emitters spaced 0.8 m apart with a discharge of 1.8 L h 
Weather data
Hourly and daily weather data were obtained from the Campbell Scientific Automatic Weather Station (AWS) on the respective farms, which was installed over a short vegetated surface according to standard conditions specified in FAO 56 [25] . Irrigated orchards (2-3 m in height) were found within 10 m west, 60 m north, 30 m east and 50 m south of the AWS. The AWS was situated approximately 620 m from the 13-year old 'Midknight' Valencias and 2 km from the 5-year old 'Midknight' Valencias. For the 13 year-old 'Afourer' mandarin orchard, weather data was collected from a second Campbell Scientific AWS that was installed approximately 2 km from the orchard. Weather data for the 23 year-old 'Midknight' Valencia in the summer rainfall region (Letsitele) was obtained from QMS Laboratories™. The weather data was used to estimate the potential evapotranspiration (ET o ), using the Penman-Monteith method according to the FAO 56 procedure [25] .
Root development
Profile pits were dug and soil/root samples were taken at three depths (0.2, 0.4 and 0.6 m) for a 5 year-old 'Midknight' Valencia orchard and at four depths (0.1, 0.2, 0.4 and 0.6 m) for a 13 year-old 'Bahianinha' Navel orchard. Samples were taken within the tree row close to the tree trunk, midway between the tree trunk and the canopy edge and at the canopy edge. Another set of samples were taken perpendicular to the tree row, between the tree rows close to the tree trunk, midway between the tree trunk and the canopy edge and at the canopy edge. Root samples were taken by gently tapping a metal cylinder of known volume into the soil. The edges of the metal cylinder were sharpened to facilitate the cutting of the roots. Samples were sealed in a plastic bag and transported to the laboratory. The sample was placed on a 1 mm sieve and the soil was removed by gently washing the roots under running water. The washed roots were collected and excess water was removed by placing the roots on absorbing paper. The fresh root mass of each sampling point was determined, after which the roots were then dried at 60°C and the dry mass recorded.
Water potential and stomatal conductance measurements
Leaf water potential was determined using a Scholander pressure chamber (PMS Instrument Company, Albany, USA) on three sunlit and three shaded leaves of three trees in the 'McLean' Valencia orchard ( Table 1) . Stomatal conductance was determined using an AP4 porometer (Delta-T Devices, Ltd., Cambridge, United Kingdom). Stomatal conductance was determined on three 'McLean' Valencia trees (Table 1) , with three leaves on the east side of the tree, three leaves on the west and three shaded leaves on the inside of the canopy measured per tree. Both Ѱl and gs measurements were made hourly, with Ѱl measurements starting before sunrise until sunset. Due to the occurrence of dew on the leaves early in the morning, gs could only commence once the leaf surface was dry. The hourly values of the Ѱl and gs measurements were combined separately and the average for the tree was calculated.
Tree water use measurements
Tree water use was determined using the heat ratio method [26, 27] of the heat pulse velocity (HPV) technique. Four trees were selected per trial ( Table 2 ) and four probe sets were installed per tree. The probe set installation depths varied according to trunk size, but were in general in the order of 10, 25, 35 and 50 mm. Each probe set consisted of a central 60 mm long and 1.8 mm thick stainless steel heater probe and two Type-T (copper-constantan) thermocouples installed 5 mm above and 5 mm below the heater probe. The probe sets were placed in the tree sapwood area via three vertically aligned and parallel holes drilled with the help 
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Citrusdal, South Africa of a drill guide strapped to the trees. Petroleum jelly was used to ease probe insertion and maintain thermal contact between the probe and wood tissue [28] . Individual thermocouples were wired to an AM16/32B multiplexer (Campbell Scientific Inc., Logan, UT, USA). Heat pulse velocities were calculated at hourly intervals on a CR1000 logger (Campbell Scientific Inc., Logan, UT, USA). Heat pulse velocity was corrected using the wounding correction equations and a measured wound width for each orchard. The sap flux density and final sap flow volumes were calculated according to [28, 29] . The area represented by each probe was determined. The heat pulse velocity from each probe was then multiplied by the specific area represented by the probe, which yielded the volumetric sap flow per hour.
Results and discussions
Root distribution
The root distribution of a 6 year-old 'Midknight' Valencia tree and that of a 13 year-old 'Bahianinha' Navels are given in Figure 1 . The soil of the 6 year-old 'Midknight' Valencias can be classified as a clay soil [30] . Field measurements and observations revealed that the roots of the 6 year-old 'Midknight' Valencias were thinner than the roots of the 13 year-old 'Bahianinha' navels. A typical bimodal distribution of the roots was also evident, with most of the roots (>60%) within the top 0.2 m of the soil surface and a less dense root mass at 0.4 m (Figure 1A and B) . Ninety five percent of the roots were in the top 0.4 m. For the samples taken close to the tree trunk and at the canopy edge, the root mass decreased with soil depth within the tree row and between the tree rows. More roots were found at the 0.4 m sample depth, halfway between the tree trunk and canopy edge than at the 0.2 m sample depth ( Figure 1A and B) .
The soils of the 13 year-old 'Bahianinha' navel orchard consisted of coarse sand (0.5-2.0 mm) with no stones. Most of the roots (61%) were found within the top 0.1 m of the soil and more than 80% in the top 0.2 m, forming a dense mat under the drippers within the tree row. Substantially fewer roots were found within the work row. Roots were also in general thicker (2.7 mm) with larger structural roots at a depth of 0.4 m (Figure 1C and D) and substantially more than for the 6 year-old 'Midknight' Valencias ( Figure 1A and B) . This distribution was not unexpected, as citrus fibrous root length, in well-drained sandy soils, is a function of tree size, soil depth, distance from the trunk and rootstock [15] . The fibrous roots of young trees (canopy volume < 5 m 3 ) develop just below the soil surface, with more than 85% of the roots within 0.5 m of the soil surface. As the canopy volume (5-15 m 3 ) increases the fibrous roots close to the soil surface grow laterally towards the dripline of the tree, that extends to 2 m between tree rows and to a depth of 0.9 m, with a further increase in canopy volume (>15 m 3 ) [15] . The distribution and density of roots impacts water and nutrient uptake of the trees and could influence the maximum T rate based on the rate at which water can be supplied to the leaves.
Climate as a driving force for citrus water use
It is custom to use VPD to describe evaporation from a leaf or soil surface, because it can be expected that the humidity at the leaf or soil surface is less than 1.0 and the vapour concentration is less than the saturation concentration. However, evaporating surfaces of most leaves have a humidity close to 1.0 and it can generally be assumed that the vapour concentration at the leaf surface equals the saturation vapour concentration if the air and surface temperatures are the same. For more detail on the discussion on the relation between liquid-and gas-phase of water in biological systems, the reader is referred to [31] .
For this discussion of T, water potentials in a 'McLean' Valencia orchard were either calculated or measured to illustrate the direction of water flow. Thus, evaporation from a leaf (T) and soil surface is driven by a water potential gradient between the atmosphere and the leaf or soil surface. In Figure 2 the water potential at the soil surface (−0.4 MPa), leaves (−1.68 MPa) and atmosphere (−176 MPa) was calculated for a 'McLean' Valencia orchard, in a winter rainfall region, for a summer's day (February) and a winter's day (July). Because of the steep water potential gradient between the leaves and atmosphere, citrus trees regulate the opening and closing of the stomata to prevent excessive water loss [32, 33] . An interesting observation is that although the atmospheric demand was substantially higher during summer (−176 MPa) than winter (−130 MPa) the measured Ѱl's did not differ substantially (Figure 3) . This is probably due to strong stomatal control of T rate and therefore Ѱl [34, 35] , which is typical behaviour for an isohydric plant [36] .
Leaf water potentials and g s measured for a 'McLean' Valencia orchard are at their highest early in the morning and decreased during the day, with the Ѱl reaching a minimum just after midday (Figure 3) .
In conceptualising the inter-dependence between Ѱl and g s (Figure 3) , at daybreak when the sun rises and the leaves are exposed to radiation from the sun, the stoma open [19, 20] and 
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water vapour moves through the stoma (stomatal conductance). As the plant loses water (T) the Ѱl decreases relative to the soil, which establishes the gradient for water movement within the plant or sap flow. As water loss cannot exceed the rate of uptake, the plant must have some control over the resistance to water loss and this is achieved by regulating stomatal conductance [37] . Therefore as VPD increases during the day, stomata start to close to prevent a decline in Ѱl which would cause cavitation and a loss of xylem integrity. Water continues to move into the tree, due to the water potential difference between the soil and the tree (roots, stem and leaves) causing the Ѱl to increase in the afternoon. Water movement from the soil into the tree will cease when the water potential in the roots equals the soil water potential, which generally occurs in the early hours of the morning.
The important role stomata play in controlling 0l is clearly illustrated in the differences between the winter and summer measurements in Figure 4 . A much lower stomatal conductance in summer resulted in very similar minimum Ѱl's in summer and winter, which reflects a much bigger vapour pressure gradient out the leaf at this time due to a hotter and drier atmosphere. Results from multi-seasonal T measurements (Figure 4) , 717 days for a 17 year-old, 677 days for a 9 year-old, 707 days for a 23 year-old 'Midknight' Valencia orchard and 475 days for a 13 year-old 'Afourer' mandarin orchard, show large day-to-day variation in T. A clear seasonal trend is also evident with higher T rates recorded during the summer and lower T rates recorded during the winter season for all measuring sites. Daily T closely follows ETo, indicating that the prevailing climatic conditions influence T, as expected. Transpiration deviated from the ETo trend for the 17 year-old 'Midknight' Valencia (Figure 4A) , because the orchard was heavily pruned. The pruning reduced the LAI of the measuring trees by 30% and T by 52% compared to the corresponding period of the previous season. This clearly indicates that reducing canopy volume during periods of drought can be used as a technique to reduce tree water use. For the 23 year-old 'Midknight' Valencia orchard ( Figure 4C ) the daily T did not follow ETo as distinctly during the mid-summer period (November 2016-March 2017) compared to the orchards in the winter rainfall region, due to a severe drought that resulted in the implementation of irrigation restrictions [38] . , while for the 13 year-old 'Afourer' Mandarin in a winter rainfall region the ETo ranged between 0.66 and 9.81 mm day −1 for the measurement period. A summary of the T measurements for the different orchards is given in Table 3 . for the 13 year-old 'Afourer' mandarin orchard ( Figure 4D) over the measurement period ( Table 3) . For the 'Midknight' orchards, the lowest daily T measurement (0.10 mm day −1 ) was recorded in the 9 year-old 'Midknight' orchard, and the highest ) in the 17 year-old orchard ( Table 3 ). The highest daily T (4.5 mm day −1 ) was recorded in the 13 year-old 'Afourer' mandarin orchard. The higher T values for the 17 yearold 'Midknight' orchard can be attributed to the larger canopy of the 17 year-old 'Midknights' compared to the 9 year-old Midknight orchard as demonstrated by the LAI and canopy cover ( Table 2 ). In general the average daily T reflected the canopy cover. The impact of canopy size on tree water use can be substantial, with the average daily T of the 17 year-old 'Midknight' being 39% higher than the average daily T of the 9 year-old 'Midknight' orchard (Table 3) . However, the impact of the drought in the summer rainfall region (23 year-old 'Midknight') resulted in lower T measurements, due to the reduction in irrigation [38] and therefore the average daily T measured for this orchard was lower.
It is evident from these results that tree water use is also influenced by specie. The LAI, canopy cover and canopy dimensions of the 17 year-old 'Midknight' orchard are comparable to the 13 year-old 'Afourer' orchard ( Table 2) . But, the multi seasonal daily T average (Table 3) for the 13 year-old 'Afourer' orchard (2.8 mm day −1 ) is 36% higher than the 17 year-old 'Midknight' orchard (1.80 mm day −1 ). This difference in tree water use between the two citrus species may be attributed to leaf anatomical and morphological differences [3] . ), (C) average vapour pressure deficit (VPD, kPa) and (D) reference evapotranspiration (ETo, mm) for the 9 year-old 'Midknight' Valencia in a winter rainfall region.
A typical response of citrus to average daily temperature, solar radiation, average daily VPD and ETo is given in Figure 6 . The response of transpiration to increases in temperature ( Figure 6A ), solar radiation ( Figure 6B ) and ETo ( Figure 6D ) was linear in the 9 year-old 'Midknight' Valencia orchard, with a clear seasonal trend is evident. The lower daily average temperatures and solar radiation in winter that corresponds with the lower T values are grouped together at the bottom of the graph and the higher daily average temperatures and solar radiation in summer that corresponds with higher T values are grouped at the top of the graph. The T in the transition seasons (autumn and spring), which represents a wider range of daily average temperatures and solar radiation, fills the region between the winter and summer values. From the relationship between VPD and T it seems if the upper limit of T was influenced by VPD. Thus, in the mornings, when VPD is still low, a linear relation between solar radiation and T exist, however, as the day progresses the VPD increases and becomes the limiting factor for T, which overrides the influence of radiation. Transpiration seems to reach a maximum once VPD had exceeded 3.0 kPa.
Conclusion
Results from the research showed that transpiration (T) followed diurnal and seasonal trends and was influenced by stomatal conductance (g s ) and leaf water potentials (Ѱl). Good correlations between T and temperature, vapour pressure deficit (VPD) and solar radiation (SR) were found, indicating the importance of the environment in supplying the energy to drive transpiration. A good relationship between canopy size and T, with larger canopies having higher T was evident and should be taken into account with the planning of irrigation infrastructures (convey to field and on-field delivery) and irrigation scheduling. Especially the cumulative effect over a season must be considered when planting new orchards. Provision in the allocation of water should be made for when newly planted orchards with smaller canopies, which use substantially less water, develop mature canopies.
